There is an urgent need for new antimicrobial therapies to combat drug resistance, new pathogens, and the relative inefficacy of current therapy in compromised hosts. Ionizing radiation can kill microorganisms quickly and efficiently, but this modality has not been exploited as a therapeutic antimicrobial strategy. We have developed methods to target ionizing radiation to a fungal cell by labeling a specific mAb with the therapeutic radioisotopes Rhenium-188 and Bismuth-213. Radiolabeled antibody killed cells of human pathogenic fungus Cryptococcus neoformans in vitro, thus converting an antibody with no inherent antifungal activity into a microbicidal molecule. Administration of radiolabeled antibody to mice with C. neoformans infection delivered 213 Bi and 188 Re to the sites of infection, reduced their organ fungal burden, and significantly prolonged their survival without apparent toxicity. This study establishes the principle that targeted radiation can be used for the therapy of an infectious disease, and suggests that it may have wide applicability as an antimicrobial strategy.
There is an urgent need for new antimicrobial therapies to combat drug resistance, new pathogens, and the relative inefficacy of current therapy in compromised hosts. Ionizing radiation can kill microorganisms quickly and efficiently, but this modality has not been exploited as a therapeutic antimicrobial strategy. We have developed methods to target ionizing radiation to a fungal cell by labeling a specific mAb with the therapeutic radioisotopes Rhenium-188 and Bismuth-213. Radiolabeled antibody killed cells of human pathogenic fungus Cryptococcus neoformans in vitro, thus converting an antibody with no inherent antifungal activity into a microbicidal molecule. Administration of radiolabeled antibody to mice with C. neoformans infection delivered 213 Bi and 188 Re to the sites of infection, reduced their organ fungal burden, and significantly prolonged their survival without apparent toxicity. This study establishes the principle that targeted radiation can be used for the therapy of an infectious disease, and suggests that it may have wide applicability as an antimicrobial strategy. R adiation possesses microbicidal properties and ␥-irradiation is routinely used for the sterilization of medical supplies and certain foods. Ionizing radiation such as ␥-rays, ␤-particles, and especially ␣-particles from external sources can kill different strains of bacteria and fungi such as Escherichia coli, Cryptococcus neoformans (CN), and Mycobacterium tuberculosis (1) (2) (3) . Despite its microbicidal properties, radiation is not used in current antimicrobial therapy. Dadachova (4) recently proposed using therapeutic radionuclides for the treatment of multidrug-resistant infections. However, to realize the full benefits of ionizing radiation as an anti-infective treatment, it is important that the radiation be specifically targeted to the sites of infection to minimize toxicity to the host. Evidence that radiation can be targeted to a focus of infection by specific antibody comes from the observation that radiolabeled antibodies can be used to visualize the sites of infection in patients with Pneumocystis carinii pneumonia (5) and tuberculomas in rabbits infected with Mycobacterium bovis (bacillus CalmetteGuérin) (6) . The use of antibodies to granulocytes for imaging the sites of infection in patients has also been reported (7) .
The fact that radiolabeled antibodies can detect foci of infection in vivo (5, 6) implies that antigen-antibody interactions can be used to deliver radionuclides to microorganisms in vivo. Hence, the next logical step in developing radiotherapy for infectious diseases would be to ascertain whether particulate radiation could be targeted to kill microorganisms in the infectious foci by specific radiolabeled antibodies. This option is potentially very attractive as an antifungal strategy, because fungal cells in tissue are relatively large targets with dimensions that approximate the size of host cells. Furthermore, in contrast to tumor cells, yeast cells are antigenically very different from host tissue, and thus provide the potential for abundant antigen-antibody interactions with the fungal cell and low crossreaction with the host tissue. Targeting fungi with radioimmunotherapy (RIT) makes sense, because fungal diseases are notoriously difficult to treat and currently constitute a major clinical problem (8) . Despite its theoretical promise, we are not aware of attempts to explore the potential usefulness of RIT against infectious diseases.
In this study, we explored the potential efficacy of RIT against an experimental fungal infection by using CN. CN is a major fungal pathogen that causes life-threatening meningoencephalitis in 6-8% of patients with AIDS. Cryptococcal infections in immunocompromised patients are often incurable, because antifungal drugs do not eradicate the infection in the setting of severe immune dysfunction (9, 10) . CN provides a good system to study the potential usefulness of RIT, because there are excellent mouse models available, well characterized mAbs to CN antigens exist, and immunotherapy of CN infection with passive antibody (11) is already in clinical evaluation.
Two radioisotopes were evaluated in this study: a high-energy ␤-emitter Rhenium-188 ( 188 Re) and an ␣-particle emitter Bismuth-213 ( 213 Bi).
188
Re (t [1͞2] ϭ 16.9 h) (E max ϭ 2.12 MeV) has recently emerged as an attractive therapeutic radionuclide for cancer radioimmunotherapy, palliation of skeletal bone pain, and endovascular brachytherapy to prevent restenosis after angioplasty (12) (13) (14) . 213 Bi (t [1͞2] ϭ 45.6 min) emits a high linear energy transfer ␣-particle with E ϭ 5.9 MeV with a path length in tissue of 50-80 m. Theoretically, a cell can be killed with one or two ␣-particle hits.
213
Bi was proposed for use in single-cell disorders and some solid cancers (15) (16) (17) (18) , and has been used to treat patients with leukemia in Phase I clinical trials (19, 20 Bi generator (25) was acquired from Oak Ridge National Laboratory.
Radiolabeling of 18B7 and MOPC21 Antibodies. The widely accepted nuclear medicine practice of ''matching pairs'' of radiopharmaceuticals uses diagnostic isotopes (no ␣-or ␤-particle emissions), with chemistries similar to those of therapeutic isotopes for labeling proteins, imaging procedures, and quality control (26) . 99m Tc is ''a matching pair'' isotope for 188 Re (27) and 111 In is a matching pair isotope for 213 Bi (28) .
MAbs 18B7 and MOPC21 were directly labeled with either 99m Tc or 188 Re through reduction of antibody disulfide bonds with DTT (29) .
CHXAЉ 18B7 was radiolabeled with 213 In-CHXA-Љ 18B7 were incubated in human serum or murine serum for 24 h, and analyzed on a size-exclusion HPLC column.
Biodistribution of 99m Tc-18B7 and 99m Tc-MOPC21 in CN-Infected BALB͞c Mice. Six-to 8-week-old female BALB͞c mice were infected intratracheally as described (31) . The intratracheal model was used because it initially causes a discrete lung infection, facilitating imaging of the infectious process using localized labeled antibody.
Mice were killed with a mixture of 125 mg͞kg ketamine and 10 mg͞kg xylazine, and were inoculated with 10 6 CN cells into the trachea. On the 5th day after infection, three mice were pretreated with 1.0 mg of 18B7 to bind the excess of capsular polysaccharide (CPS) in circulation. One hour later, three infected and three infected͞pretreated mice were i.v. injected with 0.125 mCi (0.05 mg; 1 Ci ϭ 37 GBq) of 99m Tc-18B7, and the other three infected mice were injected with the irrelevant IgG1 control 99m Tc-MOPC21. Three healthy mice were injected with the same amount of radiolabeled conjugate and served as controls. At 24 h, mice were killed, and their major organs were removed, weighed, and counted in a ␥-counter (Wallac, Turku, Finland). Re-18B7. At 24, 48, and 72 h after injection of radioactivity, the mice were anesthetized with Isoflurane and were scintigraphically imaged with an eZ-SCOPE handheld semiconductor ␥-camera (Anzai Medical, Tokyo). After imaging, the mice were killed, their major organs were removed, weighed, and counted in a ␥-counter.
Determination of CPS Antigens Levels in the Blood of Infected Mice.
The blood of the A͞JCr mice (200 l) i.v. infected 24 h before the analysis was collected by retroorbital bleeding, allowed to coagulate, and the serum was then separated by centrifugation. A volume of 60 l of serum was analyzed for the presence of the CN CPS antigens by using a latex-crypto antigen detection system (IMMY, Immuno-Mycologics, Norman, OK), which has a sensitivity of 12 ng͞ml for CPS antigens. Bi-CHXAЉ-MOPC21 in 0.5 ml of PBS was added to obtain the desired concentrations of radioactivity. After 30-min incubation at 37°C under constant shaking, CN cells were collected by centrifugation, washed with PBS to remove nonbound radioactivity, suspended in 1 ml of PBS, and incubated at 4°C for 1 h or 48 h on a rocker for 213 Bi-labeled or 188 Re-labeled antibodies, respectively. After the incubation, 10 3 cells were removed from each tube, diluted with PBS, and plated to determine colony-forming units (cfu) (1 colony ϭ 1 cfu). Experiments were performed in duplicate.
Treatment of A͞JCr Mice Infected with CN with Radiolabeled mAbs.
The efficacy of RIT against CN infection was tested in A͞JCr mice. This mouse strain was selected because it is very susceptible to CN infections, presumably because of partial complement deficiency (32) . Mice with partial complement deficiency succumb rapidly with disseminated infection when i.v. infected (33) .
Nine groups of 10 A͞JCr female mice were i.v. infected with 10 5 CN cells. The i.v. infection results in rapid death of infected mice, and is a standard model used for antifungal susceptibility testing (33) . Twenty-four hours after infection, groups 1, 2, and 3 received i.p. injections of 50, 100, and 200 Ci of Re-MOPC21. The amount of antibody per injection was 30-50 g, and the injection volume was 0.2 ml of PBS. Group 9 received 0.1 ml of PBS, and group 10 received 50 g of nonradioactive 18B7 in 0.1 ml of PBS. The mice were observed, and survival was recorded every 24 h for 75 days. Survival studies were performed twice. Some of the surviving mice were killed, and their lungs were analyzed for cfu. Re-18B7, respectively. The amount of antibody per injection was 30-50 g in 0.2 ml of PBS. Group 4 received 50 g of cold 18B7 in 0.1 ml of PBS, and control group 5 was left untreated. Forty-eight hours after treatment, three mice per group were killed, their lungs and brains were removed, blotted to remove excess blood, counted in a ␥-counter, weighed, homogenized in PBS, and dilutions of the homogenate were plated to determine cfu.
Determination of Platelet Counts. For measurement of platelet counts, blood was collected from the tail vein of infected A͞JCr mice into heparinized capillary tubes before therapy with 188 Re-18B7 mAb, as well as 48 h, 6 days, and 13 days posttherapy. Platelets were counted in a hemocytometer by using phase contrast, at ϫ400 magnification, as described in ref. 34 .
Histological Evaluation. For lung histology, the right upper lobe of the lung from the infected controls, and from the 188 Re-18B7 mAb-treated A͞JCr mice was removed at 48 h posttreatment, fixed in 10% formalin, embedded in paraffin, cut into 5-m sections, and stained with hematoxylin͞eosin.
Statistics. The Wilcoxon rank sum test was used to compare organs uptake in biodistribution studies. A Student's t test for unpaired data was used to analyze differences in the number of cfu between differently treated groups during in vitro therapy studies. The log-rank test was used to assess the course of mouse survival. Differences were considered statistically significant when P values were Ͻ0.05. Bi-labeled mAbs. The mAb 18B7 proved to be a robust molecule that could be labeled with a variety of radioisotopes without a loss of immunoreactivity through either direct labeling or by using a bifunctional chelating agent, because Ͼ90% of radiolabeled 18B7 bound to glucuronoxylomannan antigen (see Fig. 4 , which is published as supporting information on the PNAS web site, www.pnas.org). For CHXAЉ-18B7 conjugates, the 1.5 ligand per mAb molar ratio in the conjugation reaction resulted in 0.7-0.9 ligand per mAb molecule, which preserved its immunoreactivity.
Results

Radiolabeling and
Serum Stability of Radiolabeled 18B7. Negligible radioactivity was lost from the 99m Tc-18B7 and 188 Re-18B7 in the form of small molecular size radioactive species after incubation in either human or murine sera. 111 In-CHXAЉ-18B7 did not release any radioactivity after serum incubation (results not shown). These data established that radiolabeled mAb 18B7 conjugates were stable in both human and murine sera.
Biodistribution of Radiolabeled 18B7 mAb in Locally Infected BALB͞c
Mice and in Systemically Infected A͞JCr Mice. Radiolabeled antibody distribution in vivo was studied by using two different models of infection. The first study used intratracheal innoculation of CN into BALB͞c mice, which results in a localized pulmonary infection that permits the evaluation of antibody targeting to an infected organ ( Table 1 ). The uptake of 99m Tc-18B7 in the blood, liver, kidney, and spleen in infected mice was higher than in infected mice pretreated with 1 mg of unlabeled mAb 18B7, in the control mice, or in infected mice injected with irrelevant control 99m Tc-MOPC21 (P Ͻ 0.05). This finding may be due to formation of radiolabeled antibodyantigen complexes, which may have different clearance and metabolism patterns relative to antibody alone (35) . The uptake in the lungs and the spleens of infected mice was two times higher than was observed in control mice or in infected͞pretreated mice (P Ͻ 0.05), and almost four times higher than in mice given 99m Tc-MOPC21. Interestingly, there were no significant differences in the lungs and spleen uptake of mice pretreated with unlabeled mAb 18B7 and controls (P ϭ 0.8), possibly because of epitope blocking in the target site by unlabeled antibody. No significant release of 99m Tc radiolabel occurred, as indicated by the low uptake in the stomach of 99m Tc-MOPC21. By 24 h postinjection Ϸ10% initial dose per g was delivered to the lungs infected with CN, a dose that should be sufficient to deliver fungicidal levels of therapeutic radioisotopes to the infectious foci. The relatively high lung uptake (4-5%) of radiolabeled 18B7 in the pretreated and control mice may be due to uptake by pulmonary cells, including macrophages. These results establish that radiolabeled antibody will target an organ in CN-infected mice.
The second model used i.v. infection of A͞JCr mice with CN. This model is the same as used in the RIT experiments (see below). Fig. 5 a-c, which is published as supporting information on the PNAS web site, shows the percent initial dose per g in CN-infected A͞JCr mice in comparison with the healthy controls. At all three time intervals (24, 48 , and 72 h), the uptake of radioactivity in the liver and spleen of infected mice given 188 Re-18B7 was higher (P Ͻ 0.05) than in control groups, which is the consequence of the deposition of antibody-antigen complex (10) . In contrast, the activity in the blood of noninfected mice was significantly higher than in infected mice (P Ͻ 0.05), which also resulted in higher uptake of 188 Re-18B7 mAb in the brain of healthy mice. The uptake in the lungs of infected mice was twice that of healthy controls and 188 Re-MOPC21-injected mice at 24 h and 48 h and equalized at 72 h, which can be attributed to the shedding of CPS antigen together with the bound antibody. The scintigraphic image (Fig. 1) of the infected mouse 48 h postinjection of 188 Re-18B7 mAb obtained with the high-resolution ␥-camera shows the uptake in the lungs and the brain of the mouse.
CPS Antigen Levels in the Blood of Infected Mice. CPS antigens were found in the blood of infected mice at 24 h postinfection by using the latex-crypto antigen detection system at 1͞80 and 1͞160 dilutions corresponding to a serum CPS concentration of Ϸ1.9 g͞ml. (Fig. 2) . In contrast, the control antibody 188 Re-MOPC21 with the same specific activity produced only minimal killing (P ϭ 0.0008), presumably reflecting fungal damage from the radioactivity in solution. The significantly higher killing associated with the specific antibody almost certainly reflects higher radiation exposure for CN as a consequence of antibody binding to the CN capsule. The activity of 188 Re-18B7 against CN in vitro indicated that radiolabeling made the antibody microbicidal.
Because the relative biological effectiveness of ␣-particles is several times higher than that of ␤-particles (1), we used 1͞10 of the radioactivity concentration in the incubation of CN with 213 Bi-labeled antibodies than we used for the experiment with 188 Re. The minimal inhibitory concentration for 213 Bi-CHXAЉ-MOPC21 was 0.4 Ci͞1.5 g 18B7 mAb. The fungicidal activity of the irrelevant mAb 213 Bi-CHXAЉ-MOPC21 was negligible (P ϭ 0.0006) at the activity concentrations studied. This result attests to a very high killing efficiency of 213 Bi toward CN, as high linear energy transfer of ␣-particles makes it possible to kill a cell with one to two hits (several hundred hits per cell are needed when ␤-emitting radionuclides are used). There was no statistically significant difference between cfu numbers at 0.5 Ci and at higher activities (P Ͼ 0.05), presumably reflecting a very low number of colonies at the most effective doses because of massive killing of yeast cells. The high efficiency of particulate radiation in killing CN cells is evident from the fact that levels of particulate radiation emitted by 188 Re and 213 Bi, which are efficient against mammalian cells (23) , were also able to kill CN.
Treatment of A͞JCr Mice Lethally Infected with CN with Radiolabeled
mAbs. Mice treated with radiolabeled CN-specific mAb 18B7 lived significantly longer, on average, than mice given irrelevant labeled IgG1 or PBS (Fig. 3 and Table 3 , which is published as supporting information on the PNAS web site). We used a labeled irrelevant mAb ( Re group, 40% and 20% of mice were alive after treatment with 100 (P Ͻ 0.005) and 50 Ci (P Ͻ 0.05) of 188 Re-18B7, respectively. Mice infected with CN and given RIT had significantly reduced fungal burden in lungs and brains 48 h after treatment than did infected mice in the control groups (Table 2) . Whereas there was no difference in the reduction of the fungal burden in the lungs between the groups that received 50 and 100 Ci of Bi-CHXAЉ-18B7 failed to produce any therapeutic effect, both the 100-and 200-Ci doses prolonged mouse survival (Fig. 3 and Table 3 ). Interestingly, the 200 Ci of 213 Bi-CHXAЉ-18B7 dose was less efficient, possibly because of the fact that it may have approached the MTA (maximum tolerated activity) for this particular combination of antibody and radioisotope. In the 188 Re group, a 50-Ci dose of 188 Re-18B7 resulted in some prolongation of survival, a 100-Ci dose caused significant prolongation, and a 200-Ci dose was, apparently, too toxic, with all mice dying by day 40.
Low levels of cfu were detected in the lungs of surviving mice killed at the completion of survival studies.
Toxicity Studies. The number of platelets in peripheral blood was determined as a measure of radiation toxicity in CN-infected A͞JCr mice treated with the higher (100 and 200 Ci) doses of 188 Re-18B7 mAb, and in nontreated infected controls (Table 4 , which is published as supporting information on the PNAS web site). Progression of CN infection resulted in reduced platelet numbers in nontreated mice. Mice treated with 188 Re-18B7 had higher platelet counts than control mice on day 2 posttreatment, which could reflect the therapeutic effect of radiolabeled antibody on the underlying CN infection (confirmed by reduced fungal burden in the lungs and the brains). Platelet counts decreased significantly on day 6 posttreatment, with more pronounced decrease observed for the highest treatment dose of 200 Ci of 188 Re-18B7. This result can be explained by the fact that the nadirs in platelet counts is usually reached at 1 week after radiolabeled antibody administration in RIT of cancer patients (16) . Remarkably, on day 13 posttherapy, the platelet count in 100 Ci of 188 Re-18B7 came back to normal, which reflects the therapeutic effect of this dose, whereas it remained the same in infected controls, and it further decreased in 200 Ci of 188 Re-18B7 group, attesting to radiotoxicity of the high dose. No difference in cellularity and inflammation in the lungs was apparent between the control and treated groups (data not shown), indicating that RIT had no appreciable effect on the magnitude of the inflammatory response.
Discussion
The mAb 18B7 binds to the capsule of CN and has no inherent fungicidal activity. Radiolabeling mAb 18B7 with either 188 Re or 213 Bi converts this antibody into a fungicidal molecule in vitro and therapeutic in vivo, as demonstrated by reduced fungal burden and significant prolongation of survival of treated infected mice. No prolongation in survival was observed in mice treated with unlabeled mAb 18B7 relative to the mice given no antibody treatment (PBS) group (P Ͼ 0.05). There are two explanations for the lack of efficacy of nonradioactive antibody. First, only a small amount of Ig (30-50 g) was given per mouse. Second, antibody was administered 24 h after infection. The efficacy of nonradioactive antibody drops dramatically when given after infection in this model, a finding that is commonly observed when therapeutic antibodies are tested in mouse models of acute lethal infection (36) .
The reduction in organ cfu observed for mice given RIT indicates that the prolongation of survival is likely a result of reduced organ fungal burden as a consequence of direct microbicidal activity by radiolabeled antibody in vivo. The RIT protocol used in our experiments is theoretically capable of delivering a radioactive atom to every CN cell in this mouse model. Re atoms, respectively. It is noteworthy that during in vitro incubation with radiolabeled antibody, a very high percentage of ␤-radiation emitted by 188 Re is deposited outside of the cell, because 188 Re ␤-particles have a range in tissue of Ϸ5 mm, and the radius of the CN capsule is only 20 Ϯ 6 m (37). In vivo, on the other hand, as the density of the microorganisms in infectious foci increases, the absorbed dose from 188 Re will increase exponentially. Also, even if a particular cell has not been targeted with a radiolabeled antibody molecule, it may be killed by radiation from a distant cell by the so-called ''crossfire'' effect. Nevertheless, even under suboptimal in vitro conditions, the antibody-specific effective treatment of CN cells in suspension with 188 Re-18B7 was observed. Also, there could be some synergy between the effect of the radioactivity and the antibody itself on the microbial cells, because antibody molecules have been recently reported to catalyze ozone formation, which can promote bacterial killing and inflammation (38) . The observation that RIT-treated mice had lower cfu in brain tissue indicates the ability of radiolabeled antibody to penetrate this organ despite the blood-brain barrier. This phenomenon may reflect the increased permeability of the blood-brain barrier that has been reported in experimental cryptococcal meningitis (39) .
We administered antibody amounts corresponding to a range of activities, from 50 to 200 Ci per mouse, 4-fold (or 300%) increase in dose, to evaluate the ''therapeutic window'' of RIT for CN infection in A͞JCr mice. Increasing the RIT dose by several-fold will often not improve the survival of the host, and can hasten death because of radiation injury. In experimental RIT, the MTA is usually defined as the highest possible activity under the respective conditions that does not result in any mouse deaths, with the next higher dose level resulting in at least 10% of the mice dying from radiation injury (40) . Hence, our ability to increase the RIT dose by 300% indicates a large therapeutic window. By comparison, the MTA for cancer therapy is usually determined by increasing the activities administered in 15-20% increments (41) . Presumably, our large therapeutic window reflects the radiolabeled antibody localization to infected sites and sparring of vital organs.
One theoretical impediment to using RIT for the treatment of established cryptococcosis is that patients with this disease often have large amounts of circulating CPS (cryptococcal antigen) that could interfere with RIT by binding radiolabeled mAb. However, we found that the radiolabeled antibody was therapeutic even in mice with serum antigen levels comparable to those found in patients. The most likely explanation for this effect is that the antibody has higher affinity to capsule and tissue polysaccharide than to soluble polysaccharide. This result suggests that RIT can be effective in human cryptococcosis. Incidentally, this concern does not apply to the application of RIT to other infectious diseases where serum antigenemia does not occur.
RIT has been exploited in oncology, because radiolabeled antibodies provide a valuable alternative to chemotherapy and external radiation beam by selectively delivering lethal doses of radiation to cancerous cells (42) . The use of RIT for tumor treatment has been studied for several decades, and there is a wealth of knowledge regarding the interaction of radiolabeled antibodies and fragments, both murine and humanized, with target cancer cells, surrounding tissue, and major organs derived from both laboratory and clinical studies (43) (44) (45) . Certain features of infection make it more amenable for treatment with RIT than malignancies. Solid tumors present challenges such as slow penetration rate of antibodies into tumor tissue and hypoxia, which decreased the efficiency of treatment with ␤-emitting radioisotopes. In contrast, pathogen-specific antibodies are likely to reach the infectious foci quickly, given that increased capillary permeability at the sites of infection allows radiopharmaceuticals to easily migrate from the circulation (46) . We envisage that this method can be applied to obtain dosimetry information before RIT by imaging patients with the antibody labeled with a diagnostic isotope such as 99m Tc or 111 In. In most infectious diseases, it is not necessary for the treatment to kill every microbe to achieve a therapeutic benefit, because the immune system may effectively control infection when the inoculum is reduced by microbicidal radiation. Longer-lived isotopes such as yttrium-90 (t 1͞2 ϭ 2.7 d), lutetium-117 (t 1͞2 ϭ 6.7 d), or Iodine-131 (t 1͞2 ϭ 8 d) can be used for treatment of infection within abscesses or in the difficult-to-access sites deep in the body. Another advantage of RIT relative to naked antibody therapy is that the latter can be complicated by the occurrence of prozone-like effects at high-antibody concentrations (47) . Because the killing power of RIT is based on radiation, and the amounts of antibody administered are low, prozone-like phenomena are not expected to occur.
The data accumulated in clinical RIT of cancer indicate that the primary toxicity of high-dose RIT of infection is likely to be bone marrow suppression. However, when RIT treatment is administered in the doses below the MTA, only transient or no hematological toxicity is observed. In our experiments, we have observed no hematological toxicity for 100 Ci of 188 Re-18B7 mAb-treated group of mice, most of whom survived. The highest dose of 200 Ci of 188 Re-18B7 mAb was the most efficient in reducing the fungal burden in the lungs of infected mice, but it also caused significant changes in platelet counts, which attest to possible radiotoxicity of this high dose. However, we also note a beneficial hematological effect of radiolabeled antibody on platelet counts that may reflect treatment of the underlying infection. Furthermore, we note recovery of platelet counts in 100 Ci of 188 Re-18B7-treated mice, indicating that the toxicity is transient. Examination of lung inflammatory response by histological analysis revealed no appreciable differences. Given the short trajectory of the particle, it is likely that most hits would occur on fungal cells or immune cells in the immediate vicinity. Presumably, as fungal cells are killed, other immune effector cells that are recruited will be more effective in clearing up the site. Important determinants of the extent and duration of myelosuppression include bone marrow reserve (based on prior cytotoxic therapy and extent of disease involvement), total tumor (infection) burden, spleen size, and radioimmunoconjugate stability (43) . Clearly, the application of this technology to human cryptococcosis or other infectious diseases will require optimization of the dose to minimize toxicity and additional clinical development. However, we are encouraged that these initial studies in mice suggest that RIT of infection is relatively well tolerated, and may have a significantly higher therapeutic index than RIT of cancer.
The field of infectious diseases is currently facing significant challenges, given an increasing prevalence of highly resistant microorganisms, the emergence of new pathogens, and the existence of large numbers of immunosuppressed individuals in whom standard antimicrobial therapy is often not very effective (48) . Furthermore, the specter of biological warfare has raised a new threat to humanity from infectious diseases. Our results provide a proof of principle that RIT can be used as an antiinfective modality and suggest that this approach could be developed for the treatment of various infectious diseases. RIT may be of particular value alone or in combination with standard therapy for the treatment of infections: (i) in special populations such as immunosuppressed patients infected with CN or with other AIDS-associated opportunistic infections; (ii) because of highly resistant microorganisms for which therapeutic options are currently very limited; and (iii) for diseases caused by microbes for which there is no effective antimicrobial chemotherapy. We believe this method can be adapted for use against a variety of difficult to treat infectious diseases, such as Aspergillosis in organ transplant patients. One attraction of developing RIT for infectious diseases is that it represents the ''marriage'' of two mature technologies, mAbs and nuclear medicine, in an application where the limitations encountered in using this approach for tumor therapy are much less confining.
